The cilium is a microtubule-based organelle that contains a unique complement of proteins for cell motility and signalling functions. Entry into the ciliary compartment is proposed to be regulated at the base of the cilium 1 . Recent work demonstrated that components of the nuclear import machinery, including the Ran GTPase and importins, regulate ciliary entry 2-4 . We hypothesized that the ciliary base contains a ciliary pore complex whose molecular nature and selective mechanism are similar to those of the nuclear pore complex. By microinjecting fluorescently labelled dextrans and recombinant proteins of various sizes, we characterize a size-dependent diffusion barrier for the entry of cytoplasmic molecules into primary cilia in mammalian cells. We demonstrate that nucleoporins localize to the base of primary and motile cilia and that microinjection of nucleoporin-function-blocking reagents blocks the ciliary entry of kinesin-2 KIF17 motors. Together, this work demonstrates that the physical and molecular nature of the ciliary pore complex is similar to that of the nuclear pore complex, and further extends functional parallels between nuclear and ciliary import.
separating it from the cytoplasm. The restriction point is believed to be a specialized region at the base of the cilium called the transition zone, where Y-shaped structures and transition fibres can be seen by electron microscopy to link the microtubule core (the axoneme) and basal body structures to the ciliary membrane [11] [12] [13] . Recent work has uncovered a network of protein components that localize to the transition zone and basal body region, and whose defects lead to various ciliopathies [14] [15] [16] [17] [18] . Are cytoplasmic proteins restricted from entering the ciliary compartment, and if so, what mechanisms prevent diffusive entry? We recently demonstrated that ciliary entry of a cytoplasmic protein, the kinesin-2 motor KIF17, requires an import signal similar to a nuclear localization signal (NLS), the nuclear transport factor importin-β2 (transportin-1), and a RanGTP/GDP gradient between ciliary and cytoplasmic compartments 2 . Thus, we hypothesized that the mechanisms that regulate ciliary entry of soluble proteins may be mechanistically similar to those that regulate nuclear entry. Consistent with this hypothesis, ciliary import of X-linked retinitis pigmentosa protein RP2 uses importin-β2 and NLS-like sequences 4 . In addition, the transition-zone region has been compared to the nuclear pore complex (NPC) and proposed to serve as a flagellar/ciliary pore complex (CPC; refs 1,10). Thus, we set out to determine whether primary cilia use mechanisms similar to those of nuclei to regulate the entry of cytoplasmic components.
Nuclear-cytoplasmic shuttling is controlled by the NPC, a large multiprotein complex embedded in the double membrane of the nuclear envelope to form a pore-like structure 19 . Transport of cytoplasmic components through NPCs is regulated in two ways 20, 21 . First, a size-exclusion mechanism limits molecules of relative molecular mass greater than 30,000 (M r > 30K) from freely diffusing between compartments. Second, proteins above this size limit use NLS import signals, nuclear transport receptors and the small GTPase Ran to cross the physical barrier formed by the NPC. We first tested whether there is a size-dependent barrier that restricts ciliary entry of cytoplasmic molecules by microinjecting ciliated mammalian cells with fluorescently labelled dextrans of various sizes, analogous to previous work defining a diffusion barrier for the NPC (refs 22,23) . hTERT-RPE cells were transfected with mCherry-tagged Arl13b (ADP-ribosylation factor-like 13b) as a live-cell marker of primary cilia ( Supplementary Fig. S1 ) and observed 48 h later by wide-field fluorescence microscopy. Only cells with Arl13b-mCherry-labelled cilia that projected off the cell body were microinjected with fluorescent dextrans to clearly distinguish ciliary from cytoplasmic fluorescence. Dextran localization to the nuclear and ciliary compartments was assessed 20 min after microinjection. Small dextrans (M r 3K and M r 10K) freely diffused into both ciliary and nuclear compartments (Fig. 1a,b) . In contrast, larger dextrans (M r 40K and M r 70K) were excluded from both ciliary and nuclear compartments (Fig. 1c,d) . Quantification of the fluorescence intensities in primary cilia demonstrates that the M r 40K and M r 70K dextrans were significantly restricted from entering the cilium (Fig. 1e) . Ciliary entry of M r 3K and M r 10K dextrans was rapid and could be detected within 5 min post injection ( Supplementary  Fig. S1c ), consistent with the rapid diffusion of small molecules into and within sea urchin spermatozoa 24 . To further investigate the size-dependent diffusion barrier for ciliary entry, we microinjected fluorescently labelled soluble proteins of nearly spherical shape that act as inert probes 25 . Again, only cells with Arl13b-mCherry-labelled cilia projecting off the cell body were selected for microinjection and analysis. We found that α-lactalbumin (M r 14K), recombinant green fluorescent protein (rGFP, M r 27K) and protein A (M r 41K) could enter both ciliary and nuclear compartments (Fig. 2a,b,d,f) . Analysis in live cells is a critical component of these experiments as ciliary localization of expressed GFP could be reproducibly seen in live cells that were transfected (Fig. 2c,f) but was difficult to determine after fixation and/or permeabilization (data not shown), consistent with recent reports 26, 27 . In contrast to the ciliary localization of these smaller proteins, bovine serum albumin (BSA, M r 67K) was restricted from both ciliary and nuclear compartments (Fig. 2e,f) . Collectively, these experiments characterize a barrier for diffusion of cytoplasmic molecules into the ciliary compartment. Thus, similarly to nuclei, cilia restrict the diffusional entry of cytoplasmic molecules on the basis of size and use active transport mechanisms to facilitate entry of large proteins.
What are the molecular mechanisms by which ciliary entry of cytoplasmic molecules is restricted? One possibility is that ciliary-specific proteins create a diffusional barrier resembling that of the nuclear pore. Alternatively, NPC components could localize to the ciliary base and create a permeability barrier. To test this latter possibility, we tested whether NPC components localize to primary cilia in mammalian cells. The NPC is a large proteinaceous structure composed of multiple copies of 30 different nucleoporin proteins that assemble into subcomplexes ( Fig. 3a; refs 28, 29) . Enhanced GFP (eGFP)-nucleoporins have been used to study the kinetics and organizational dynamics of the NPC in live cells 30, 31 . We expressed a fluorescently tagged nucleoporin from each subclass in Odora cells, an immortalized cell line derived from rat olfactory sensory neurons that generates primary cilia 32 . All nucleoporins localized to the nuclear membrane as expected ( Supplementary  Fig. S2 ). Localization at the ciliary base was observed for eGFP-NUP37 (outer ring nucleoporin, 12/15 cells; Fig. 3e ), eGFP-NUP35 (inner ring nucleoporin, 18/18 cells; Fig. 3f ), NUP93-eGFP3 (linker nucleoporin, 19/19 cells; Fig. 3g ), and NUP62-eGFP3 (central phenylalanine-glycine (FG) nucleoporin, 16/17 cells; Fig. 3h ). Ciliary base localization was also observed when fluorescently tagged nucleoporins were expressed in hTERT-RPE cells (Supplementary Fig. S3 ). In addition, eGFP-NUP214, a member of the cytoplasmic FG-containing nucleoporin and filament subcomplex, localized in distinct puncta near the γ-tubulin-labelled basal body (Fig. 3c) . Interestingly, not all nucleoporins could be localized at the ciliary base. POM121-3GFP, GFP-GP210 and NDC1-GFP, transmembrane nucleoporins that anchor the NPC to the nuclear envelope, did not localize to the base of the primary cilium ( Fig. 3d and Supplementary Fig. S2h ,i). Ciliary localization was also not observed for eGFP-NUP153, a nucleoporin that projects into the nucleoplasm (Fig. 3i ). These eGFP-nucleoporins localized correctly to the nuclear envelope ( Supplementary Fig. S2 ), suggesting that the GFP tag does not hinder their ability to assemble into nucleoporin complexes.
Collectively, these experiments demonstrate that specific nucleoporins localize to the ciliary base, where they could regulate passive and active transport into the ciliary compartment.
To determine if endogenous nucleoporins localize to the base of the cilium, we immunostained cells with a monoclonal antibody, mAb414, that recognizes several FG-containing nucleoporins (NUP358, NUP214, NUP62 and NUP153; ref. 33 ). The FG repeats on these nucleoporins function to enable cargo-importin complexes to associate with and shuttle through the NPC meshwork. In NIH3T3 cells, mAb414 staining showed discrete puncta present at the base of the cilium, in addition to the nuclear envelope (Fig. 4a) . To more clearly visualize mAb414 staining at the base of cilia, we extracted and carried out immunofluorescence on trachea epithelial cells that project multiple motile cilia from their apical surfaces. In these cells, mAb414 stained not only the nuclear envelope but also the cilia-basal body border as shown by co-localization with γ-tubulin ( Fig. 4b and Supplementary Movie S1). mAb414 staining also colocalized with basal body-associated SDCCAG8 protein (also known as NPHP10), whose mutation causes the ciliopathy nephronophthisis 34 ( Fig. 4c) . In a confocal section along the edge of epithelial cells, punctate mAb414 staining could be observed on the nuclear envelope and at the base of the cilia (Supplementary Fig. S4a ). Punctate staining under the cilia was also evident in a confocal bird's-eye projection down on the apical surface ( Supplementary Fig. S4b ).
Using antibodies specific to individual nucleoporins, NUP62 and NUP133 could be detected at the ciliary base of epithelial cells ( Supplementary Fig. S4c,d ).
To more precisely define the localization of nucleoporins at the base of cilia, we carried out immunoelectron microscopy of rat trachea. Using mAb414 in single-label immunogold electron microscopy, gold particles labelled the ciliary transition zone and basal body in addition to the expected localization at NPCs on the nuclear envelope ( Supplementary Fig. S5b,d ). In double-label immunogold electron microscopy with mAb414 and antibodies to CEP290 (also known as NPHP6), co-staining was observed in clusters ( Fig. 4f ) and as single gold particles (Fig. 4g) at the transition zone. Thus, whereas mAb414 staining seems to primarily co-localize with the basal body by fluorescence microscopy, mAb414 antigens localize at the transition zone and basal body by electron microscopy, perhaps owing to differences in antigen accessibility. Further work is required to define the localization of specific nucleoporins at the ciliary base. Collectively, fluorescence and electron microscopy experiments demonstrate that endogenous nucleoporins localize not only in the NPCs of the nuclear envelope but also in CPCs at the ciliary base.
To determine whether nucleoporins function to regulate import of ciliary proteins, we microinjected two different NPC-function-blocking reagents into ciliated cells, mAb414 (ref. 35 ) and a truncated version of importin-β1 (ref. 36 ). NIH3T3 cells co-expressing KIF17-mCitrine and Arl13b-mCherry were microinjected with mAb414 or importin-β1 (45-462) together with TAMRA dye to mark injected cells (Fig. 5) . As controls, cells were injected with TAMRA dye alone or not injected. KIF17-mCitrine fluorescence at the tips of cilia was photobleached and the subsequent fluorescence recovery (Fig. 5b-e ) was taken as a measure of ciliary entry of new KIF17-mCitrine molecules as described 2 . Microinjection of mAb414 or importin-β1 (45-462) resulted in a significant reduction in KIF17-mCitrine fluorescence recovery when compared with control cells (Fig. 5d,e) . We conclude that functionally inhibiting nucleoporins restricts KIF17-mCitrine entry into the ciliary compartment.
In conclusion, we propose a model in which ciliary import shows selective and molecular features characteristic of nuclear import. First, we demonstrate that soluble molecules above a specific size threshold are restricted from passively entering the ciliary compartment, in an analogous manner to that in which the NPC acts as a sieve to prevent spurious entry of molecules. This CPC permeability barrier thus enables the enrichment of specific proteins destined for the cilium through active transport mechanisms. Furthermore, we show that several nucleoporins localize to and function at the base of the cilium in a similar manner to their functional roles at the NPC. Nucleoporins are found in several cilia proteomes (http://v3.ciliaproteome.org/cgi-bin/index. php). Thus, we propose that nucleoporins not only form the molecular components that regulate transport across the NPC, but also transport across the CPC. Collectively with our previous work 2, 4 , we demonstrate that ciliary import uses the three defining functional components that regulate nucleocytoplasmic transport-nuclear transport factors such as importins, the Ran GTPase system and nucleoporins.
Interestingly, not all fluorescent nucleoporins localize to the base of the cilium. The absence of eGFP3-NUP153 at the cilium base may be due to the nuclear-specific functions of this subcomplex, which forms a basket structure that serves as a platform for transcriptional regulation and chromatin stability in the nucleoplasm 37 . NUP153 was demonstrated not to be required for transportin-mediated nuclear import in Xenopus nuclei 38 . The absence of POM121-3GFP, GFP-GP210 and NDC1-GFP from the ciliary base may be due to their nuclear-specific roles in anchoring components of the NPC in the nuclear envelope 19 . Indeed, the structural differences between nuclear and ciliary membranes suggest that a different membrane-associated protein complex anchors the CPC to the surrounding ciliary membrane. It is tempting to speculate that the nephronophthisis (NPHP) and Meckel-Gruber syndrome (MKS) disease-related gene networks may play a role in anchoring nucleoporins at the CPC. Recent work demonstrated that disruption of NPHP and/or MKS genes caused defects in anchoring transition zone structures to the ciliary membrane and abnormal ciliary protein composition [14] [15] [16] [17] [18] . Clearly, further studies are required to determine whether NPHP, MKS and nucleoporin components are functionally integrated together at the base of the cilium.
As ciliary and nuclear import share several molecular and mechanistic features, how cargoes are distinguished from entering the cilium versus the nucleus is unclear. Cilia have evolved distinct mechanisms for ciliary trafficking that may be important in defining ciliary versus nuclear transport, such as the intraflagellar transport complex that drives transport along axonemal microtubules, the BBSome coat complex, and small GTPases of the Arf and Rab families (reviewed in refs 1,10). Future work is clearly required to uncover the complex molecular network at the base of the cilium and to delineate the mechanisms by which these components establish the primary cilium as a complex signalling centre and their implications in ciliopathies. The KIF17-mCitrine plasmid has been described 39 . The Arl13b-mCherry plasmid was constructed by subcloning human Arl13b complementary DNA from Arl13b-eGFP (gift of K. Kontani, University of Tokyo) into the KpnI and AgeI sites of mCherry-N1. The eGFP-nucleoporin plasmids (eGFP-NUP214, eGFP-NUP37, eGFP-NUP35, N UP93-eGFP3, NUP62-eGFP3, eGFP3-NUP153) were purchased from EUROSCARF. POM121-3GFP, NDC1-GFP and GFP-GP210 were gifts from R. Wozniak (University of Alberta), M. Hetzer (Salk Institute) and B. Dauer (University of Michigan), respectively. Importin-β1 (45-462) was a gift from U. Kutay (ETH Zurich) and recombinant protein was purified as described 36 .
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Cell culture. hTERT-RPE cells were grown in DMEM/F12 supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin and 0.01 mg ml −1 hygromycin B, transfected with Trans-IT (Mirus) and serum starved for 48-60 h to induce ciliogenesis. Odora and NIH3T3 cells were grown in DMEM supplemented with 10% fetal calf serum and 1% penicillin-streptomycin-Gluta-MAX I, and cells were transfected with DNA constructs using Trans-IT LTI (Mirus) transfection reagent.
Microinjection. Fluorescently labelled dextrans of different molecular weights-
M r 3K-FITC, M r 10K-FITC, M r 40K-FITC and M r 70K-FITC (Molecular Probes)-were reconstituted in buffer containing 25 mM HEPES at pH 7.4, 115 mM KOAc, 5 mM NaOAc, 5 mM MgCl 2 , 0.5 mM EDTA, 1 mM GTP and 1 mM ATP and microinjected into cells at 10 mg ml −1 . hTERT-RPE cells were microinjected and visualized using the FemtoJet Microinjector System (Eppendorf) mounted on an inverted epifluorescence microscope (Nikon TE2000-E) with 40 × 0.75 numerical aperture (N.A.) (with ×1.5Optivar) and 60 × 1.40 (oil) objectives and a Photometrics CoolSnap ES2 camera. Dextran solutions were centrifuged at 10,000 g for 5 min to remove any aggregates before loading into Femtotips (Eppendorf). Recombinant α-lactalbumin and BSA were purchased from Sigma and recombinant GFP and protein A were purchased from Prospec. All recombinant proteins (except rGFP) were brought to a concentration of 1 mg ml −1 before labelling with Alexa 488 using a microscale protein labelling kit (Invitrogen). rGFP was at 1 mg ml −1 before injection. All of the proteins were spun down before injection to remove any aggregates.
Quantification of relative mean pixel intensities of the cilia versus cytoplasm in microinjected cells was determined using ImageJ. The ciliary region indicated by the Arl13b-mCherry signal projecting off the cell body was used to generate a ciliary region of interest. The average fluorescence in the ciliary region of interest was background subtracted using a region of interest off the cell. The average fluorescence intensity in the cytoplasmic region half the distance between the nuclear envelope and cell periphery was measured and background subtracted in the same way. The diffusion-barrier index was calculated as the ratio of mean fluorescence intensity in the cilia versus the cytoplasm. 10-12 cells from separate experiments were measured for each dextran or protein.
Immunostaining and microscopy. The trachea was dissected from adult rats and epithelial cells were dissociated with a toothpick, spun onto coverslips, and immediately fixed and immunostained. All experimental procedures were approved by the University of Michigan Committee on the Use and Care of Animals and carried out in accordance with the Guide for the Care and Use of Laboratory Animals.
Odora and hTERT-RPE cells were fixed with 4% PFA, permeabilized with 0.1% Triton X-100 or 0.1% SDS in PBS and blocked with 0.2% fish skin gelatin (Sigma) in PBS. Samples were incubated in primary antibodies for 1 h at room temperature and washed three times with 0.2% fish skin gelatin-PBS. Samples were incubated in fluorescent-conjugated secondary antibodies for 1 h, washed three times with 0.2% fish skin gelatin-PBS, and mounted using Prolong Gold (Invitrogen). Immunostaining of NIH3T3 cells was carried out in a similar manner but these were washed and incubated with antibodies in a solution of 0.1% Triton X-100, 0.02% SDS, 10 mg ml −1 BSA in PBS. Immunostaining of rat tracheal cells was carried out in a similar manner except that 0.1% Triton X-100 and 0.05% SDS in PBS was used for permeabilization.
Confocal imaging was carried out on Leica SP5X and Olympus Fluoview 500 confocal microscopes with 60 × 1.40 N.A. Epifluorescence imaging was carried out on an inverted epifluorescence microscope (Nikon TE2000-E) with 40 × 0.75 N.A. and 60 × 1.40 objectives and a Photometrics CoolSnap HQ camera.
Electron microscopy. Rat tracheas were fixed with 4% paraformaldehyde-0.25% glutaraldehyde in 0.1 M cacodylate buffer at 4 • C overnight. For transmission electron microscopy only (Fig. 4e) , tissue was post-fixed with 1% osmium tetraoxide. After dehydration in a graded series of ethanol, the samples were embedded in LR White (EMS) in gelatin capsules and cured at 55 • C for 72 h. Thin sections of 80 nm were collected on formvar carbon coated 100 mesh nickel grids. For immunogold staining, grids were rinsed with PBS with 0.1% Triton X-100 for 10 min, then rinsed with PBS twice more. After blocking with Aurion blocking buffer at RT for 1 h, the grids were incubated with primary antibody at 25-50× dilution in 0.2%BSA-PBS overnight at room temperature, followed by 6 nm immunogold-conjugated goat anti-rabbit IgG (Aurion) or 12 nm gold-conjugated goat anti-mouse secondary antibody (Jackson Lab) at 25× dilution for 2 h. After rinsing with PBS, grids were post-fixed with 2.5% glutaraldehyde in PBS for 20 min, and some samples were treated with 4% aqueous uranyl acetate to increase contrast. Images were taken with a Phillip CM-100 transmission electron microscope operated at 60 kV.
Fluorescence recovery after photobleaching. NIH3T3 cells were plated in glassbottom dishes (MatTek), co-transfected with plasmids encoding KIF17-mCitrine and Arl13b-mCherry, and serum starved for 24-48 h. Expressing cells were microinjected with TAMRA dye alone, TAMRA dye (50 µM) + mAb414 antibody (0.95 mg ml −1 ), or TAMRA dye (50 µM) + importin-β1 (45-462) (133 µM) using the FemtoJet microinjector system (Eppendorf) mounted onto a Nikon Ti Eclipse inverted microscope. The cells were maintained in a live-cell chamber at 37 • C and 5% CO 2 . Using the Nikon A-1 confocal system with Perfect Focus, microinjected cells were identified by the presence of the TAMRA dye. A prebleach picture was taken and then the KIF17-mCitrine fluorescence at the distal tip of cilia was photobleached using 50% laser power for 1 s. KIF17-mCitrine fluorescence recovery images were taken postbleach at 10 min intervals for 30 min. Fluorescence signals were quantified using Metamorph software and background subtracted, and the average fluorescence values from eight cells were plotted using Prism software (GraphPad).
Statistical analysis. All statistical analysis was carried out using Prism software and specific tests are noted in the text. Error bars are ±s.e.m. and significance was assessed as P < 0.05. Figure S2 Fluorescently-tagged nucleoporins localize to the nuclear envelope and, in some cases, to the base of primary cilia in Odora cells. Odora cells expressing (a) EGFP-NUP214, (b) POM121-EGFP3, (c) EGFP-NUP37, (d) EGFP-NUP35, (e) NUP93-EGFP3, (f) NUP62-EGFP3, and (g) EGFP-NUP153, were fixed and stained with antibodies to acetylated a-tubulin (red) and gamma-tubulin (magenta) to mark the primary cilium and basal body. Shown are representative confocal sections taken in the plane of the cilium (left panels) and in the cell center (right panels). Odora cells expressing (h) GFP-GP210 and (i) NDC1-GFP were fixed and stained with antibodies to acetylated a-tubulin (red) and g-tubulin (magenta). GFP-GP210 and NDC1-GFP localizes to the nuclear envelope but not the base of primary cilia. Scale bars, 5 mm.
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